This commentary focuses on the issues of statistical power, the usefulness of hypothesis-free approaches such as in genome-wide association explorations, the necessity of expanding the research beyond common DNA variants, the advantage of combining transcriptomics with genomics, and the complexities inherent to the search for links between genotype and phenotype in exercise genomics research.
INTRODUCTION
Human genomics is the science that investigates the physical features and properties of the human genome, whereas human genetics is the science of inheritance (i.e., the transmission of traits across generations). Both concepts are important for this report. When multiple genes contribute to variation in a trait, it becomes very challenging to define the mode of inheritance. Phenotypes of interest to exercise biologists are overwhelmingly of this class and are referred to as quantitative and polygenic traits.
The early 21st century is an interesting period to be involved in genetics and genomics research. The extraordinary progress made in the past decade on the sequence and information content of the human genome and the genomes of commonly used animal models, on high-throughput technologies for genotyping and sequencing whole genomes, and on transcriptomics has generated a lot of enthusiasm regarding our ability to elucidate the genetic, genomic, and molecular basis of human variation in health and disease. For instance, the availability of the human genomic sequence has played a key role in making it possible to identify more than 2850 Mendelian disease genes (16) . Importantly, the cost of genomics technologies has decreased dramatically within the short span of about one decade. In fact, the cost of sequencing a first human genome was of the order of $3 billion, but this cost is predicted to reach only about $1000 and perhaps even less. Although it remains modest, the pace of exercise genomics research also is accelerating. There are a growing number of laboratories engaged in exercise genomics, and in the aggregate, they cover a wide range of experimental models and technologies. Therefore, one can predict that there will be significant advances in the near future.
The relative contributions of genetic and environmental factors to phenotypic variation in a variety of human traits have been a topic of interest. The first articles that dealt in some fashion with the magnitude of the genetic variance for phenotypes of interest to exercise science were published in the 1960s, and these types of articles dominated the field until the 1990s. Then began a second phase of research focused on the identification of genes and DNA sequence variants contributing to human variation in exercise-related traits. Exercise genetics research began with a flurry of underpowered candidate gene studies, as was the case in all other areas. However, the field now is moving on to better and more powerful approaches.
The genetic epidemiology literature dealing with nature versus nurture issues for exercise-related traits up to the mid-1990s was reviewed in depth in a 1997 book (4). This was followed by a series on the gene map for performance and fitness traits published yearly from 2001 to 2009 in Medicine & Science in Sports & Exercises \ (MSSE) (e.g., 7, 21) . More recently, the same group shifted its emphasis from a yearly update of the gene and marker compendium to a review of the most significant exercise genomics and genetics findings (12, 22) . Finally, the latest and most comprehensive reviews cover either the whole field, as in a volume published in 2011 under the aegis of the Medical Commission of the International
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Olympic Committee (3), or emphasize the biology of adaptation to exercise (5) .
This report offers comments on future progress in exercise genomics research, including issues of statistical power, the usefulness of hypothesis-free approaches such as in genome-wide association explorations, the necessity of expanding the research beyond common DNA variants, the advantage of combining transcriptomics with genomics, and the complexities inherent to the search for links between genotype and phenotype.
ACHIEVING ADEQUATE STATISTICAL POWER
One of the most critical attributes of a research study is its inherent statistical power to detect an effect or a difference when one exists in the real world. One of the consequences of an inadequate level of statistical power is that a study cannot reliably reject the null hypothesis or protect against declaring a difference or an effect that does not exist in reality. Moreover, a common weakness of exercise genomics reports is the failure to correct for the fact that multiple tests have been performed. A stronger level of evidence is required to guard against false-positive and false-negative results when multiple tests are performed, for instance, in the comparison of athletes and sedentary people. These two issues are particularly critical in genomics studies, as large numbers of single nucleotide polymorphisms (SNPs) typically are tested in the same experiment. We have to recognize that failure to use an adequate sample size and to adjust the significance level for multiple testing, more than any other factors, are responsible for the lack of reproducibility of exercise genomics findings.
Exercise genomics research generally is based either on quantitative traits measured on continuous scales (e.g., skeletal muscle strength) or on dichotomous traits (e.g., active vs inactive participants). In discussing statistical power issues, it is useful to distinguish between these two situations. This report emphasizes some of the points made in a recent exercise genomics review published in MSSE and presents a key figure adapted from this publication (12) . The relationship between the contribution of a SNP and the sample size required to find a significant association with 80% statistical power under an additive model is shown in Figure 1 for continuous and dichotomized traits.
Panel A summarizes a simulation for a continuous trait with the SNP effect size expressed as R 2 . In this case, the minor allele frequency (MAF) has no impact on the sample size. This figure illustrates only the scenario in which 500 SNPs were tested for associations with the trait of interest (assuming only one trait). The multiple-testing-adjusted P value threshold for significance is now set at 0.0001. Under these conditions, a minimum of 2200 subjects are needed to detect a significant association with a SNP that accounts for 1% of the trait variance. A 1% effect size is quite realistic for observational studies based on the extensive experience accumulated in largescale explorations of the genome for SNPs associated with human diseases and common traits. If the SNP had an effect size of 2%, it would necessitate approximately 1200 subjects for the same alpha level.
Panel B depicts the curve of the odds ratio (OR) versus the number of subjects per group in a case-control design assuming an approximately equal number of cases and controls.
The figure is for an additive model and an MAF of 20%. Based on genome-wide association studies (GWAS)-derived ORs for common human diseases and traits from case-control studies, an OR of 1.2 is a realistic expectation. If 500 SNPs are tested (alpha = 1 Â 10 j4 ), we need 4000 cases and 4000 controls to find an association with an OR of 1.2 with 80% power. If the MAF is less than 20%, we need even larger sample sizes, whereas the sample size requirements decrease by approximately one third when the MAF approaches 50% (not shown in the figure) .
Other likely scenarios are discussed in Hagberg et al. (12) . Needless to say, if we raise the bar to a more conservative statistical power of 90%, the sample size requirements become markedly larger. One more issue: Figure 1 depicts situations in which the main effects of SNPs are being tested. The sample size requirement increases several folds when an interaction term is being investigated for its contribution to the variance of a phenotype. For instance, a test of a SNPYphysical activity interaction effect on adiposity requires at least four times more subjects than a test of the main effect of the same SNP. 
GENOME-WIDE ASSOCIATION STUDIES
It is clear by now that reliance on candidate genes and personal views of what constitutes a valid candidate is insufficient for a solid foundation upon which a complete genomic anatomy of complex traits can be built. New candidates need to be identified from unbiased exploration methods that are less sensitive to personal views and preferences. One such method is the genome-wide association exploration, which primarily has been used to date in observational studies. For a successful GWAS, a large sample size, a properly measured trait, and a sufficiently large and high-quality set of SNPs are needed.
The development of high-throughput SNP genotyping methods, combined with the availability of the human genome sequence and the inventory of DNA sequence variants in the major ethnic groups (from the HapMap and the 1000 Genomes project), has made it possible to undertake genomewide association screens for continuous and dichotomous traits at a reasonable cost. More than 25 million SNPs with an MAF of at least 1% have been identified in the human genome (www.1000genomes.org), with at least 10 million of them reported to have an MAF of 5% or more. Interestingly, based on the growing number of personal genomes that have been sequenced, a given individual carries approximately 4 million variants, most of which are SNPs.
Variants in physical proximity often are transmitted together across generations as a unit or a block (i.e., recombination among them is infrequent). Because of this property, it is possible to tag a set of SNPs by genotyping only the most representative SNP, which is commonly referred to as the tagSNP. As a result, genotyping 500,000 to 1 million SNPs has been considered as sufficient to capture most of the common SNPs for a given ethnic group.
The first GWAS based on this technology was published in 2005 (15) . Since then, research has advanced at a very rapid pace. As of February 2011, there were 805 published GWASs in the peer-reviewed literature, covering more than 150 diseases and complex traits. It is common in observational studies, assuming 1 million SNPs, to use P G 5 Â 10 j8 as the threshold for genome-wide statistical significance adjusted for multiple testing, and almost 4000 SNPs have been associated with a trait at this genome-wide significance level (19, 20) . The catalog of these studies and their findings can be accessed at the National Human Genome Research Institute Web site (20) .
Exercise science has been slow in incorporating GWAS in its portfolio of research technologies. However, two such studies have been reported. The first GWAS of interest dealt with physical activity level in observational studies. It was based on two cohorts: 1644 unrelated individuals from the Netherlands Twin Register and 978 subjects living in Omaha, NE (10) . Exercisers were defined as subjects who reported at least four metabolic equivalent (MET)-hours per week of leisure-time physical activity. An exerciser versus nonexerciser classification was used as the trait for the GWAS analyses. The final genotype data set included 1.6 million measured or imputed SNPs. None of the 1.6 million SNPs reached the threshold of genome-wide significance (P = 5 Â 10 j8 ), but SNPs in three genomic regions showed P values less than 1 Â 10 j5 . The strongest associations were observed on chromosome 10q23.2 at the 3'-phosphoadenosine 5'phosphosulfate synthase 2 (PAPSS2) gene locus. The associations with previously reported physical activity candidate genes and linkage regions were explored, but they generated no conclusive evidence. As no SNP reached a genome-wide significance level, one key lesson from this first study is that much larger sample sizes are needed if a true genomic dissection of physical activity as a behavior is to be undertaken.
The second GWAS-based report focused on exercise training-induced changes in V O 2max in the HERITAGE Family Study and their associations with a panel of more than 320,000 SNPs (6) . Here, the situation is quite different: we are dealing with a phenotype that was altered experimentally.
The assumption was made that SNPs with larger effect sizes would be detected under such conditions. Again, none of the SNPs reached the stringent threshold P level for genome-wide significance, even though the study was based on a much smaller set of SNPs than assumed when the alpha level is set at 5 Â 10 j8 . In single-SNP analysis, a total of 39 SNPs were associated with V O 2max training response at P G 1.5 Â 10 j4 . The strongest evidence of association (P = 1.3 Â 10 j6 ) was observed with a SNP located in the first intron of the acyl-CoA synthetase long-chain family member 1(ACSL1) gene, located on chromosome 4q35. When all 39 SNPs were analyzed simultaneously in multivariate regression models, 21 SNPs were retained in the final model. Of these, nine SNPs each explained at least 2% (range, 2.2%Y7.0%) of the variance (P G 0.0001 for all), whereas seven markers contributed between 1% and 2% each. Collectively, these 16 SNPs explained 45% of the variance in V O 2max training response, which is very close to the maximal heritability estimate of 47% reported previously in the HERITAGE Family Study (2) . Attempts to replicate these associations in three smaller cohorts were only partially successful. A predictor score was constructed using the 21 SNPs from the final regression model derived from the HERITAGE cohort. Each SNP was recoded based on the number of high V O 2max training response alleles, and the sum of the high-trainability alleles ranged from 7 to 31 in HERITAGE whites. The difference in V O 2max training response between those with the lowest (9 or less, n = 36, mean = +221 mLImin j1 ) and the highest classes of the predictor score (19 or more, n = 52, mean = +604 mLImin j1 ) was almost 400 mL O 2 per minute (Fig. 2) .
The genome-wide approach is not restricted by a priori hypotheses, as is the case in candidate gene studies. Moreover, a GWAS can cover almost the entire genome uniformly and at a dense level. A critical feature of any genetics study is replication, which implies that the findings of an individual study must be replicated in other large cohorts with a similar phenotype and study design. If the associations are replicated again and again, the case for the contribution of a DNA sequence variant to the trait of interest becomes considerably stronger.
Exercise genomics would greatly benefit from the availability of large cohorts of individuals who have been phenotyped for appropriate exercise-related traits. Pooling the data from several cohorts would allow for even greater statistical power to detect loci with small effect sizes. Establishing such large cohorts in populations of whites, African Americans, and other ancestries also would be useful for the definition of population heterogeneity. Although this is an achievable goal for observational studies, it is a much greater challenge for genomics studies of the response to regular exercise, as maximum compliance with the exercise regimen is required for this type of research to be successful.
BEYOND COMMON VARIANTS
A hotly debated issue at the moment is how much of the genetic architecture of common complex traits is attributable to common and rare DNA sequence variants. In brief, the common variant hypothesis assumes that a trait is affected by several common DNA variants, each with minor effect size, whereas the rare variant scenario proposes that a large number of rare but relatively high-impact variants are contributing to the trait variance. Examples supporting both hypotheses can be found in the literature. However, interest in the rare variant hypothesis has been renewed by the consistent observation that common SNPs found to be associated with common diseases in genome-wide reports explain only a modest fraction of the estimated trait heritability (18) .
One could argue that structural variants, such as small insertions and deletions, copy number variants (CNVs), and balanced rearrangements (e.g., inversions and translocations), need to be incorporated in our models if we are to fully account for the contribution of DNA sequence variation to the genetic architecture of common complex traits. Copy number variants can encompass duplications that range in size from a few to several million base pairs. Data from the full sequence of individual human genomes reported thus far and from the 1000 Genomes project show that insertions, deletions, and CNVs are quite common.
The next-generation sequencing techniques provide valuable tools to explore common variants, rare variants, CNVs, and other structural variants in relation to complex multifactorial traits of interest to human biologists. Exercise genomics needs to incorporate them all moving forward.
COMBINING TRANSCRIPTOMICS AND GENOMICS
Another strategy that can be used to identify gene targets in a relatively unbiased mode for subsequent genomics and genetics research relies on the study of transcript abundance in relevant tissues to derive molecular predictors of a trait. These new targets then can be probed for DNA sequence variants, and their associations with traits of interest can be investigated. In this regard, transcriptomics has been a common tool of exercise molecular biology studies for about a decade. For instance, one report dealt with cardiac expression levels of transcripts in middle-aged and old male mice derived from sedentary and spontaneously physically active breeding lines (8) . In another study, the effects of unloading and lowintensity activity on the gene expression pattern of the soleus muscle were investigated in rats (1) . Microarray technologies also have been used in human experiments. For instance, the effects of a strength training program on vastus lateralis gene expression profile were studied in sedentary subjects (23) .
As an example of integration between transcript abundance, protein content and localization, and DNA differences, a series of studies focused on muscle damage mechanisms induced by eccentric exercise was performed (9, 13) . Inflammatory factors were shown to be upregulated following eccentric maximal exercise in 157 sedentary men and women, with three genes (chemokine ligand 2 (CCL2), zinc finger protein 36, C3H type, homolog (ZFP36), and CCAAT/enhancer binding protein, delta (CEBPD)) exhibiting upregulation with the first exercise bout and further upregulation with the second exercise session. SNPs in CCL2 and chemokine receptor 2 (CCR2) were associated with exercise-induced muscle damage.
Gene expression profiling studies subsequently were used to generate new candidate genes to be tested for the role of allelic variation in the HERITAGE Family Study cohort of whites. A first report focused on transcripts from the vastus lateralis muscle associated with the exercise training response of insulin sensitivity (25) . Eight subjects who were high responders for insulin sensitivity and eight age-, sex-, and body mass index-matched nonresponders, all with muscle biopsies, were compared for transcript abundance before and after the exercise program. Four genes (v-ski sarcoma viral oncogene homolog (SKI), four and a half LIM domains 1 (FHL1), titin (TTN), pyruvate dehydrogenase kinase, isozyme 4 (PDK4)) exhibited at least a 50% difference in expression between high responders and nonresponders. Three SNPs were genotyped in the FHL1 gene encoded on Xq26 and tested for associations with exercise training-induced changes in insulin metabolism phenotypes (26) . Two of these SNPs (rs9018 and rs2180062) were associated with insulin and glucose training responses. FHL1 is the first gene (encoded on X) that differentiates between those who respond favorably to regular exercise and those who exhibit an adverse response pattern in terms of insulin and glucose homeostasis traits.
Recently, the strategy of combining transcriptomics and genomics was taken a step further. Timmons et al. training study. Subsequently, tagSNPs of the 29 predictor transcripts were genotyped in the HERITAGE Family Study. A multivariable regression analysis using the predictor gene SNPs and a set of SNPs from positional cloning and candidate gene studies of the HERITAGE Family Study identified a set of 11 SNPs that explained 23% of the variance in V O 2max training response. Seven of the SNPs were from the RNA predictor transcript set, and four were from the original HERITAGE panel of candidates.
Recently, Timmons and colleagues (14) also have reported on a ''training responsive transcriptome'' (TRT) and the key regulatory molecules governing this complex network of transcripts. Runt-related transcription factor 1 (RUNX1), SRY-box 9 (SOX9), and paired box 3 (PAX3) transcription factor abundance was overrepresented in the TRT. At least 100 of the 800 TRT transcripts were differentially regulated between low and high responders to aerobic training. Proangiogenic and tissue development networks were among the strongest candidate regulators of adaptation to endurance training. A panel of 3400 SNPs was genotyped to cover the genetic variance in and around the top 86 high-responder genes (as defined by the transcriptome) in the HERITAGE Family Study cohort of whites and those SNPs associated weakly with the V O 2max response to exercise training.
Combined transcriptomics and genomics studies have the potential to identify new candidates for exercise-related traits in an unbiased manner. An integrated strategy not only can provide more powerful tools for the study of human variation but also has the potential to shed new light on the biology of exercise. Understanding the profile of acute exercise-or trainingrelated changes in gene expression can provide new and exciting candidates for genetics studies of questions central to exercise biology and perhaps even exercise as a behavior.
FROM GENOTYPE TO PHENOTYPE
A strong and replicated association with a SNP is not the end of the process. On the contrary, it is only the beginning of the scientific journey that leads to the resolution at the gene, DNA sequence, transcript, pathway, and biological system level of the signal identified in hypothesis-free and unbiased explorations of the genome.
One of the most challenging tasks of human genomics is to define the complex links between a genotype and a phenotype of interest. This often is referred to as functional genomics, but a full understanding of the direct and interactive pathways connecting given genomic characteristics to an endophenotype or a trait goes well beyond functional genomics. It will not be possible to address this topic in any detail in the present commentary, but its complexity and critical importance must be recognized if true progress in exercise genomics is to be achieved in the long term. A glimpse into the world of the genotype-phenotype complexities was provided recently in a short paper based on yeast (11) . Deletion of thousands of genes in two strains revealed that the biological consequence of a deletion is conditional on other genes and that multiple mutations can lead to the same physiological state. If genotypephenotype relationships turned out to be such an extraordinarily complex problem in an organism whose genome is only approximately 12 million base pairs, one only can imagine how intricate these relationships are in the human organism.
Exercise genomics will undoubtedly generate a large number of new gene targets whose further validation in human studies will be challenging. Finding a robust association between a genomic marker and an exercise-related trait is only a first step in the discovery process. Validating a new genomic target and defining the contributions of specific alleles are daunting tasks that seldom have been fulfilled in the global human genomics and genetics literature. In the exercise genomics research field, such advances have occurred for two genes thus far: the actinin, alpha 3 (ACTN3) (17) and the angiotensin I converting enzyme (ACE) (24) genes, although to date, these only partially are validated as true causal genes.
Multiple technologies have to be used to validate a new gene target and define its biological functions. Embarking on this path requires in silico studies; cell-based investigations with variable levels of expression of the targeted gene; comparisons of alleles; exercise studies in informative strains of rodents; generation of transgenic, knockout, or knockdown mice for relevant exercise experiments; selective breeding for the level of expression of the targeted gene and its allelic variants; and other appropriate tools depending on the gene and pathways involved. This is an area where the experience of exercise physiologists and biochemists who have devoted decades of research to in vitro studies and animal experimentation constitutes a superb asset. These researchers could strongly support the efforts of exercise genomics and contribute in a significant way to the goal of clarifying the exact nature of the most robust genetic associations and understanding the mechanisms driving human heterogeneity.
FUTURE PERSPECTIVES
Future public health policies regarding physical activity as a behavior and physiological fitness as a state must recognize the importance of individual differences and the influence of DNA sequence variation. The next generation of exercise guidelines in preventive and therapeutic medicine will have to be grounded in the principles of personalized medicine. Success will be measured to a large extent by our ability to identify the excellent, average, low, and even adverse responders for specific tissues, organs, and systems to given exercise regimens. Such advances will not occur without more and better exercise genomics and genetics research.
Historically, it all began with twin, family, and pedigree observational studies and expanded from genetic epidemiology studies to DNA sequence markers. There is evidence that DNA sequence heterogeneity contributes to human variation in exercise behavior, cardiorespiratory and muscular fitness, cardiovascular and metabolic adaptation to acute exercise, and responsiveness to regular exercise. Now, it is possible to undertake the molecular dissection of the genetic component of complex traits, such as those of interest to exercise biology, in terms of tissue-specific transcript expression profiles, genes, and allelic variants.
Although there are multiple issues that need attention, this short report proposes that progress needs to occur in four areas to accelerate the pace of discoveries in exercise genomics and genetics. First, investigators should give priority to the statistical power requirements before undertaking a study. Indeed, a common weakness of human exercise genomics studies is that they are based on small sample sizes. As most of the sequence variants have small effect sizes, it is particularly critical to have ample statistical power to identify them.
Second, we should incentivize interlaboratory collaborations so that it becomes possible to put together large cohorts of subjects with the proper set of traits, DNA samples, and other biological material for comprehensive, hypothesis-free genomewide explorations. It would be more productive for the small community of exercise genomics laboratories to work together to be able to undertake collaborative studies that would allow for large, adequately powered observational studies. This approach has proven to be highly successful for the conduct of GWAS focused on body mass index, diabetes, plasma lipids and lipoproteins, and many others (20) . Working collaboratively presents many challenges, but it has to happen. For instance, study designs vary across laboratories, testing methodologies and assays will differ among the units involved, exercise programs may not be equivalent across studies, and recruitment strategies may not be comparable. The situation becomes even more complicated with intervention protocols, such as in exercise training studies. However, there is no other credible solution, particularly in light of the present-day research funding restrictions.
Third, the combination of transcriptomics and genomics technologies has been shown to be more powerful in some recent studies. It has the potential to yield less biased and perhaps even totally unbiased panels, particularly in combination with a genome-wide exploration, of candidate genes and genomic markers. Fourth, following up on genomic marker discoveries, more resources should be devoted to functional studies in general so that the connections between genotype and endophenotypes and phenotypes become progressively established.
In conclusion, progress is being made, but more high-quality research designs and multiple replication studies with large sample sizes urgently are needed if exercise genomics is to deliver on its promises. Once these concerns have been addressed successfully, it will be of the utmost importance to incorporate epigenetic events in exercise genomics models. The addition of DNA methylation and histone modification data undoubtedly will increase the complexity of these models, but it also will enhance substantially their predictive values.
